Abstract: Single-photon sources are one of the key components in quantum photonics applications. These sources ideally emit a single photon at a time, are highly efficient, and could be integrated in photonic circuits for complex quantum system designs. Various platforms to realize such sources have been actively studied, among which semiconductor quantum dots have been found to be particularly attractive. Furthermore, quantum dots embedded in bottom-up-grown III-V compound semiconductor nanowires have been found to exhibit relatively high performance as well as beneficial flexibility in fabrication and integration. Here, we review fabrication and performance of these nanowire-based quantum sources and compare them to quantum dots in top-down-fabricated designs. The state of the art in single-photon sources with quantum dots in nanowires is discussed. We also present current challenges and possible future research directions.
Introduction
Quantum photonics employs semiclassical and quantum mechanical properties of photons in the generation, manipulation, and detection of light. Among the various applications for quantum photonics [1] , perhaps the most impactful ones are in quantum information science including secure communications via quantum cryptography [2] , quantum communication with the realization of the quantum internet [3, 4] , and optical quantum computation and simulation to solve classically intractable computational problems [5] [6] [7] . All of these applications deal with quantum light fields, including single and entangled photons. Indeed, photons are well suited to operate as decoherence-resistant carriers of quantum information, as they interact only weakly with optically transparent media and can be transmitted by means of free space or fiber optics without interaction among themselves. Photons also have suitable degrees of freedom, like polarization, for the encoding of quantum information [6] .
Realizing most of these prospective applications requires efficient single-photon generation, manipulation, and detection. Ideally, all of these functions could be integrated on a chip using nanophotonics fabrication techniques. In addition to well-known linear optical components, highly efficient superconducting nanowire single-photon detectors [8] have emerged that can also be integrated with planar waveguide designs [9] . However, some applications would additionally employ components, such as nontrivial two-qubit quantum gates, which require interaction between two photons in a medium with optical nonlinearity at the single-photon level [1] . Such components are still a major challenge, although, e.g. a two-photon phase shift close to the ideal value of π has been demonstrated for fiber-guided photons [10] . On the other hand, efficient single-photon sources (SPSs) would be immediately useful in applications such as quantum key distribution [12] (using, e.g. the standard BB84 protocol [13] ) and linear optical quantum computation [5, 6, 11] (if the emitted single photons are indistinguishable).
Ideally, an SPS deterministically emits exactly a single, indistinguishable photon at a time to a given optical mode. Single-photon generation for quantum photonics has typically been realized by employing (heralded) spontaneous parametric downconversion. However, the spontaneous conversion process is probabilistic, making the sources nondeterministic and hence reducing their usefulness [14, 15] . Increasing the pump intensity improves the generation rate but also increases the chance of generating multiple photons at a time in the output [15] . Another technique for obtaining single photons, which is mostly used in current quantum key distribution demonstrations, is to attenuate a laser such that the average power corresponds to less than that of a single photon. Such single-photon emission is also probabilistic and fundamentally limited compared to a high-efficiency true SPS [16] .
These shortcomings of the aforementioned SPSs have, in part, motivated the research on alternative SPSs. Significant progress has been made in this area, and single-photon emission has been demonstrated from, e.g. trapped atoms or ions [17, 18] , defect sites in various materials [19] [20] [21] [22] , and semiconductor quantum dots (QDs) [23, 24] . Out of these, semiconductor QDs are among the most promising for on-demand SPSs and can employ a wealth of well-known top-down fabrication techniques and processes from integrated electronics and photonics. For example, this fabrication path offers a promising platform for the realization of entire integrated quantum photonic systems with various semiconductor materials [25, 26] .
As a platform, bottom-up-grown semiconductor nanowires can have high aspect ratios with smooth sidewalls and form both axial and radial heterostructures, especially axial QDs, with considerable freedom in choosing the materials and compositions [27] [28] [29] . Growth processes of nanowires with embedded QDs are starting to mature and offer a way for fully deterministic positioning of the QDs [30, 31] . Furthermore, nanophotonic structures are often employed to enhance the emission and light extraction from embedded semiconductor QDs, and nanowires can themselves operate as photonic structures that enhance light extraction [32, 33] . Most notably, nanowire growth can be tuned to form a photonic nanoantenna structure [33] for this purpose, which has sparked interest in bottom-up-grown nanowire SPSs as an alternative to top-down-fabricated designs (although the topdown approach currently has attracted more attention).
Here, we review the development and current state of the art in semiconductor SPSs with QDs in bottomup-grown nanowires and compare them with other semiconductor-QD-based sources obtained via top-down fabrication methods. We will also identify the current challenges with nanowire SPSs and discuss the prospects and possible future research directions. We focus specifically on group III-V QDs, as most of the high-performance SPS demonstrations have been achieved with these materials. SPSs based on colloidal QDs [34] are not considered here. Other recent reviews concerning QD SPSs [16, 24, 35, 36] have not discussed nanowires in detail, and this review will therefore help elucidate the advantages and disadvantages of the bottom-up nanowire growth compared with the top-down approaches to direct future research efforts. Note that, although entanglement plays a major role in many of the aforementioned applications, we focus on single-photon emission; the generation of entangled photon pairs is only briefly mentioned. A recent review on the topic of entangled photon pair generation with semiconductor devices can be found in Ref. [37] and specifically with QDs in Ref. [38] .
First, in Section 2, we discuss the characterization of SPSs and the relevant performance metrics, while in Section 3 we introduce the basic principles of single-photon emission from semiconductor QDs. Then, in Section 4, we discuss the emission and extraction enhancement by nanophotonic structures, specifically cavities and nanowires, and in Section 5 we consider the differences in SPS fabrication via top-down methods and bottom-up nanowire growth. In Section 6, we discuss the state of the art in demonstrated performance. Lastly, in Section 7, we discuss the current challenges and prospects for nanowire SPSs, and in Section 8 we present the conclusions.
Characterizing single-photon sources
The performance of an SPS can be quantified by considering the following metrics: single-photon purity, indistinguishability of the emitted photons, source efficiency, and source brightness. Single-photon purity is defined as the probability of emitting a single photon instead of multiple photons and is therefore the most fundamental metric. Indistinguishability, on the other hand, concerns the quantum states of successive single photons, with perfect indistinguishability meaning that the photons are emitted to identical quantum states. Many applications require indistinguishability in addition to purity. For example, in linear optical quantum computing, the requirement of indistinguishability is needed to make use of quantum interference between separately generated single photons [6] . Source efficiency states the fraction of applied triggers with which a single photon was collected from the source and is equal to unity in the ideal case. High efficiency is required to obtain deterministic operation. Source brightness is not well defined, but is often used to indicate the maximum rate at which the source can emit single photons (i.e. without degrading the other metrics). However, there exists a discrepancy in the adopted nomenclature such that source efficiency is sometimes referred to as source brightness (see, e.g. Ref. [24] ). In the following, we describe briefly the characterization of single-photon purity and indistinguishability, while a more detailed discussion can be found, e.g. in Ref. [39] and the references therein. Single-photon purity is typically quantified statistically via the second-order coherence g (2) (τ), where τ is the time delay between two photons in the emitted light field. At zero time delay, in the case of a single mode and a stationary source, the second-order coherence can be expressed with the photon number operator ˆ( ) n t as [39] (2) 2(
where t is time, and the angle brackets denote ensemble average. This also means that the g (2) (0) value is related to the probability P(n) of the source emitting n photons to the mode. In the case of coherent light (photon number probability following Poissonian statistics), g (2) (τ) = 1, and for any classical light field, g (2) (τ) ≥ 1 [39] . On the other hand, it can be seen from Eq. (1) that a single-photon state yields g (2) (0) = 0 and an n-photon state yields g (2) (0) = 1 − 1/n. Therefore, the condition g (2) (0) < 0.5 is often considered as the signature of single-photon emission in experiments. Pulsed measurements are not stationary and lead to a modified expression for g (2) (τ), but the value at zero time delay still equals zero with single photons [39] .
Single-photon purity can be experimentally estimated with the so-called Hanbury Brown-Twiss (HBT) interferometer setup [40] . The HBT setup is schematically illustrated in Figure 1A and consists of a beamsplitter, two single-photon detectors, and electronics for coincidence counting and readout. Note that it is also possible to realize the setup with fiber-optic components rather than free-space optics [41] . A single photon passing through the beamsplitter exits in a superposition state of the two output modes. However, the event of detection collapses the superposition and the photon is registered by only one of the detectors. Therefore, single photons result in zero coincidence counts at zero time delay. The second-order coherence between the beamsplitter outputs (2) 34 ( ) g τ is the same as for the input (2) 11 ( ) g τ and, conveniently, singlephoton detectors can be used to obtain (2) 34 ( ) g τ approximately, even if a detector with low efficiency and without photon number resolving capabilities is used (the result can still be accurate if the condition P(1) ? P(2) ? P(n > 2) is satisfied) [39] . Additionally, coincidence counts with high enough τ values are used for normalization, as g (2) (τ) → 1 for τ → ∞, regardless of the type of photon statistics [39] . Experimentally, background light and detector dark counts can lead to false coincidence counts, skewing the statistics, and the raw data is often processed to correct for this (see, e.g. Ref. [42] ). Finite time response of the detectors can obscure the g (2) (0) dip and may also be corrected for (see, e.g. Ref. [43] ), especially when slow detectors are used. An example HBT measurement result from Ref. [44] is shown in Figure 1B . This result was obtained with pulsed excitation of a high-purity nanowire SPS.
The indistinguishability of two photons can be defined as [39] 
where 1 ρ and 2 ρ are the density matrices of the photons, and
is their operational distance. Ideally, when the density matrices are equal, the two photons are fully indistinguishable with 1 2( , ) 1 I ρ ρ = . Indistinguishability can be experimentally estimated via the so-called Hong-Ou-Mandel (HOM) interference measurement [45] . The HOM setup is schematically illustrated in Figure 1C and, like the HBT setup, consists of a beamsplitter, two single-photon detectors, and electronics for coincidence counting and readout. Here, photons emitted by an SPS are directed to both the beamsplitter inputs. Typically, the SPS is excited with pairs of trigger pulses, and the resulting train of single-photon pairs is split and directed to the two input modes of the beamsplitter in the HOM setup, with the pulse pair time separation accounted for by the added optical delay for the other input mode (see, e.g. Ref. [46] for more details). An example HOM measurement result from Ref. [47] is shown in Figure 1D . This result was obtained with a high-indistinguishability micropillar cavity SPS.
The idea in the HOM measurement is that, if two photons incident on the two input modes of an ideal 50:50 beamsplitter are in the same pure quantum state and overlap spatially and temporally in the beamsplitter, they will exhibit quantum interference (see, e.g. Ref. [48] for details) and will leave the beamsplitter together in the same output mode. Therefore, there will again be no coincidence counts. Clearly, this requires single-photon states at the inputs, and the HOM measurement is hence also sensitive to the single-photon purity. Purposefully making the photons fully distinguishable, e.g. by removing the overlap via a time delay or by having orthogonal polarizations, allows obtaining the HOM interference visibility as [39] 
where C I and C D are the coincidence probabilities (or counts in the experiment) with and without the interference, respectively. If the photons are in pure states and the beamsplitter ratio is 50:50, the visibility V HOM equals the indistinguishability as defined in Equation (2) [39] . Some measurement nonidealities, including the residual multiphoton emission probability, an unbalanced beamsplitter, the classical interferometer fringe visibility, and finite detector time response, have also been accounted for when extracting the HOM visibility from raw data [46, 47, 49] . The source efficiency η can usually be divided into the generation efficiency η g and the extraction efficiency η ext as η = η g η ext [39] . Generation efficiency states the probability of obtaining emission of a single photon per trigger and depends also on the used excitation (e.g. laser excitation power). Generation efficiency includes both the probability of preparing the emitter in the correct excited state with a trigger and the probability of single-photon emission via the correct radiative transition from that state. The excited state may also decay to the ground state through nonradiative pathways (if these are available), increasing the chance of obtaining zero photons per trigger and hence reducing the efficiency. The extraction efficiency, in turn, states the probability of collecting the emitted photon to an external element, and depends on the outcoupling efficiency from the source and the directionality of the emission from the source. Furthermore, the photon collection is also dependent on the external optical elements (e.g. the numerical aperture of the first lens in free-space collection optics). Unfortunately, there seems to be no clear consensus on the measurement conditions and procedures for SPS efficiency.
Note that, in measurements, single-photon purity and indistinguishability are typically treated as static, although these can actually be dynamically dependent on the excitation and the environment [50] . Single-photon emitters may also exhibit temporary (blinking) or permanent (bleaching) loss of emission under continuous optical excitation, although this is typically a larger concern for colloidal semiconductor QDs [51] than QDs embedded in bulk as discussed here. Furthermore, different measurement conditions can significantly affect the single-photon emission metrics. For example, resonant excitation of QD SPSs can improve both purity [52] and indistinguishability [47] compared to nonresonant excitation. Additionally, high-efficiency and low-dark-count-rate detectors (e.g. superconducting nanowire single-photon detectors) are required to measure high purity without applying corrections to the obtained result [52] . Therefore, comparing SPS measurement results may not be fair if the measurement conditions differ too much.
3 Single-photon emission from a semiconductor quantum dot
Single-photon emission from a semiconductor QD is based on radiative transitions between the discrete energy levels in the conduction and valence bands. These discrete levels are the result of three-dimensional quantum confinement of the carriers when the QD material has a bandgap smaller than that of the host semiconductor (with type I band alignment such that both electrons and holes are confined in the QD). A short discussion on the fundamental aspects of single-photon emission from semiconductor QDs is given in the following, while a more comprehensive review on the topic of excited states and single-photon emission in QDs can be found in Ref. [35] . Considering the lowest discrete energy levels forming in the conduction and valence bands of the QD (for electrons and holes, respectively), there are only a limited number of excited configurations. Each discrete energy level can support at most two electrons (or holes) with opposite spins due to the Pauli exclusion principle. Furthermore, the small spatial scale of the QD localizes the electrons and holes such that Coulomb interactions lead to the formation of excitons rather than independent electrons and holes. Note that the discrete energy levels in a QD are also referred to as s-shell, p-shell, and so on, following the notation of atomic energy levels. The different charge configurations of the s-shell are then biexciton |XX⟩, charged excitons |X ± ⟩, exciton |X⟩, charged ground states |g ± ⟩, and ground state |g⟩. These configurations are illustrated in Figure 2 .
Depending on the spin states, the exciton |X⟩ may or may not have an allowed optical recombination transition (bright and dark state, respectively) [35] . The biexciton |XX⟩, on the other hand, may only form in one way and recombine in two steps emitting two photons. However, the photons will have different energies corresponding to the biexciton binding energy [53] . Similarly, the added interaction in the charged exciton states |X + ⟩ and |X − ⟩ leads to different emission energies. Furthermore, a radiative transition from an exciton and the corresponding transition from a multiexciton configuration have different energies due to the effect of the interaction. Therefore, single-photon emission from a chosen transition can be extracted by filtering in energy [54] . The dipole-allowed transitions between these states and the ground state are strongly influenced by the orientation of the natural quantization axis of the QD (typically given by the small height in the vertical direction), leading to transition dipoles perpendicular to this axis [55] .
Pure single-photon emission can thus be obtained by exciting the QD and spectrally filtering the emission such that only the photon from, e.g. the radiative recombination |X⟩ → | g⟩, is extracted. Such narrow-band spectral filtering is ... also possible in integrated solutions [56] . With non resonant excitation, electrons and holes are generated across the bandgap of the bulk host semiconductor embedding the QD and will diffuse to the QD and relax to the lower energy levels. In order to avoid re-excitation of the QD during a single excitation pulse (i.e. to avoid multiple single-photon extraction per pulse), decay of the generated carrier population in the host semiconductor should occur significantly faster than the radiative recombination in the QD [50] .
On the other hand, resonant excitation may be used to directly excite the |X⟩ state, thus reducing the chance of re-excitation and improving the g (2) (0) value. However, it is then necessary to employ additional measures (e.g. a cross-polarization scheme) to reject the scattered excitation laser light [57] [58] [59] . Alternatively, the (quasi) resonant excitation may target the next lowest energy levels (p-shell) [60] . Even with resonant excitation, there is a finite chance for QD re-excitation within a single excitation pulse [61] . It is also possible to use resonant twophoton excitation of the |XX⟩ configuration and extract the emission from the |XX⟩ → | X⟩ transition by spectral filtering [52, 61] . The benefit of the resonant two-photon excitation is that the QD re-excitation probability is strongly suppressed and that the laser energy is tuned to half of the |XX⟩ state energy and is hence sufficiently far away from the emission wavelength for efficient filtering.
Note that, with the biexciton, it is also possible to obtain a polarization-entangled photon pair [62] via the so-called biexciton-exciton radiative cascade [63] . Due to electron-hole exchange interactions, there is finestructure splitting (FSS) between the energies of the two bright exciton states with opposing spins [64] . However, if the FSS is small enough, the cascade pair of photons can actually be emitted to a polarization-entangled state. For example, a small FSS can be a result of the QD structure [65] or of tuning with an electric field [66] . Therefore, semiconductor QDs can be used as sources of entangled photon pairs, e.g. with resonant two-photon excitation of the biexciton state [67, 68] .
In practice, coupling of the QD emitter with its solidstate environment limits the single-photon purity and indistinguishability. For example, interactions of excitons with phonons causes broadening of the zero-phonon line and the appearance of phonon sidebands [69, 70] . This thermal broadening can lead to spectral contamination from transitions involving different exciton configurations and hence reduced single-photon purity [71] . Cryogenic operation temperatures are often employed to avoid the thermal broadening, although room-temperature SPSs would be preferred for practical reasons. In fact, selecting materials with large band-offsets and fabricating smaller size QDs can increase quantum confinement and Coulomb interaction, leading to larger energy separation between the different excited states. With such materials and small QDs, spectral contamination from other excited states could be significantly reduced to allow singlephoton emission even at room temperature [31, 72] .
Even with pure single-photon emission, indistinguishability may be limited because of dephasing. First, the emission line broadening due to inelastic exciton-phonon interactions also leads to loss of coherence, and elastic interactions are a source of pure dephasing [69, [73] [74] [75] . It was even proposed in Ref. [76] that coupling to phonons ultimately limits the simultaneously achievable indistinguishability and efficiency. In addition to phonons, the QD environment may contain charge traps with a fluctuating charge state generating a fluctuating electric field at the QD, and randomly oriented nuclear spins generating a fluctuating magnetic field, both of which can lead to dephasing [77] . At time scales longer than the exciton radiative lifetime, the electric and magnetic fields generated by the fluctuating charge and spin environment also lead to variation in the energy of the photons emitted (variation in the radiative transition energy) at different times and hence reduced indistinguishability with a large number of consecutive single photons [77, 78] . Note that charge fluctuations in the QD environment causing this spectral diffusion can be due to the effect of nonresonant optical excitation and temperature (phonons) [79] [80] [81] [82] . Employing resonant excitation of the QD can, therefore, lead to considerably reduced spectral diffusion [80] . Additionally, the QD emitter could couple to mechanical modes of the SPS structure via strain, also leading to spectral diffusion and reduced indistinguishability [83] . Indistinguishability can be improved by suppressing the effects of the environment, including employing cryogenic temperatures to reduce the phonon population and controlling the charge or spin environment with an applied electric field [47] or additional optical excitation [84] . Alternatively, indistinguishability may be improved by enhancing the spontaneous emission rate (reducing the radiative lifetime) using nanophotonic structures [85] .
Nanophotonic structures for enhancement of emission and extraction
Semiconductor QDs inside a piece of bulk semiconductor are not good for high-performance SPSs, as the extraction efficiency is severely limited by the lack of directionality in the QD emission and by the total internal reflection occurring at the semiconductor-air interface (high refractive index contrast leads to a very narrow solid angle within which the emitted light can escape the bulk semiconductor and the extraction is in the order of a few percents for typical III-V semiconductors). The total internal reflection problem could be solved by using, e.g. solid or liquid immersion lenses [86] . However, a more elegant way is to employ nanophotonic structures, as these structures may not only improve the extraction efficiency but also enhance spontaneous emission to a desired optical mode inside the structure or inhibit emission to other modes. Furthermore, nanophotonic structures offer, in principle, the possibility for on-chip integration. For both extraction efficiency and single-photon indistinguishability, it is highly desirable that an SPS emits to a single, well-defined optical mode. The preference in emission coupling to a desired optical mode within a photonic structure can be expressed by the β-factor [87] ,
where Γ is the spontaneous emission rate to the desired mode supported by the structure, and γ is the spontaneous emission rate into all other modes. The extraction efficiency then further depends on the outcoupling efficiency of photons in the desired mode and the directionality of the outcoupled light field (which in turn affects how well the emitted photons in the mode can be collected).
Various photonic structure designs have been employed for semiconductor QD SPSs, including planar cavities [58, 66] , micropillar cavities [47, 84, [88] [89] [90] [91] [92] , microdisk cavities [93, 94] , photonic crystal cavities [95] [96] [97] or waveguides [59, 98, 99] , and novel photonic structures such as nanotrumpets [100] , optical horns [101] , and nanowires [33, 44] . An important early demonstration of QD single-photon emission was achieved using a microdisk cavity [93] . So far, cavity structures (especially micropillar cavity structures) have provided the best performance in top-down-fabricated SPSs [47, 52, 92, 102] , while bottomup-grown nanowire SPSs tend to employ the nanoantenna scheme introduced in Ref. [33] . These two types of photonic structures are briefly discussed here, while a more general review on interfacing QD single-photon emission with photonic nanostructures can be found in Ref. [35] .
Cavities
An optical cavity essentially confines the light field to a small volume, giving rise to certain optical modes that are resonant within the cavity. As proposed by Purcell [103] , the spontaneous emission from an emitter depends also on the environment or, more specifically, the available optical density of states at the location of the emitter (the so-called Purcell effect). A cavity structure modifies the optical density of states and, when properly designed, results in significant enhancement of the spontaneous emission to the resonant modes. The enhancement (ratio) of spontaneous emission rate to a specific optical mode with a photonic structure compared to the case in the absence of the structure (i.e. just bulk material) is expressed by the Purcell factor F P of this specific mode [104] . Increasing F P therefore increases both the singlephoton emission rate and the source extraction efficiency (via increasing the β-factor through an increase of Γ in Eq. (4)). Indistinguishability is also simultaneously increased, although only up to reaching the QD-cavity strong coupling regime [75, 76] .
An increase in the Purcell factor of the mode can be achieved by increasing the cavity quality factor, but doing so also makes the cavity more frequency-selective, which then necessitates more accurate matching of the cavity resonance with the QD emission wavelength [35] . It is generally difficult to achieve accurate matching directly by design due to various fabrication imperfections. One way to achieve matching post fabrication is to alter the operation temperature, as the QD emission (via the bandgap) and cavity resonance wavelength (via the refractive index) usually have different temperature dependences [105] . However, since increasing the temperature has an adverse effect on indistinguishability, an alternative approach is to use a fixed low temperature and tune the QD emission via the quantum-confined Stark effect by applying an electric field across the QD [106, 107] . On the other hand, the applied electric field reduces the overlap of the electron and hole wave functions, thus reducing the oscillator strength of the transitions and increasing the radiative lifetimes with reduced emission rate [107, 108] . The strength of the applied field, as well as the tuning range, is also limited by the onset of carrier tunneling out from the QD [106] [107] [108] .
Planar and micropillar cavities are commonly employed in top-down SPSs. Both types of cavities use distributed Bragg reflectors (DBRs) to form the cavity by confining light into it. A DBR consists of a stack of alternating quarter-wavelength-thick layers with different refractive indices, and the reflectivity depends on the number of layers. One of the two DBRs is designed to act as an efficient reflector (reflectivity close to 100% around the cavity resonance wavelength), while the other is designed to be semitransparent in order to extract the light from that side.
The planar cavity structure is simpler and easier to realize, including fabrication of electrical contacts for tuning with an electric field. The top contact layer can also be used as an aperture to isolate a single QD [66] . Unfortunately, the extraction efficiency with planar cavity structures is rather poor (e.g. around 1.3% overall collection efficiency in Ref. [58] ). With micropillar cavities, the pillar structure offers additional light confinement in the radial direction and improved extraction efficiency (e.g. around 65% in Ref. [84] ). Basically, a diode structure with either annular top contact pads [90] or top contacts to surrounding structures connected via sidewall wires [47, 91] can be employed for the electric field tuning in micropillar cavities.
Photonic crystal cavities have also been employed [95] [96] [97] . In short, these are defined by a defect in the otherwise periodic structure, and the light confinement to this defect region is given by the photonic bandgap that prevents light propagation in the periodic region (assuming that the photonic crystal is designed such that the QD emission wavelength is within the range of the photonic bandgap). Photonic crystal cavities offer light confinement in very small volumes and both enhancement of emission to the cavity mode and inhibition of emission to radiation modes [35] . Alternatively, QDs may be embedded inside photonic crystal waveguides (extended defects in the periodic structure) for in-plane emission and routing of photons with a near-unity β-factor [98, 109] . The light may also be extracted from photonic crystal waveguides using outcoupling structures [98, 109] or even direct coupling to an optical fiber [99] .
Nanowire nanoantenna
Nanowires can embed QDs along their axis and act as waveguides with highly efficient, directional outcoupling after proper design. The idea of using QDs obtained via axial nanowire growth as SPSs was mentioned, e.g. in Ref. [110] in 2002, and likely even before that, while some of the early experimental realizations of this idea include Ref. [111] in 2005 and Ref. [112] in 2010. The nanowires in Ref. [111] exhibited g (2) (0) < 0.5, demonstrating operation as SPSs. In Ref. [112] , improved single-photon emission (g (2) (0) = 0.12) as well as biexciton-exciton radiative cascade was obtained. Common to these two examples is that the nanowires were still used as such without further engineering effort to improve the emission or light extraction.
In 2009, a nanowire structure working as a nanoantenna, which greatly improves the source efficiency, was proposed in Ref. [33] . The nanoantenna design constitutes three different factors as illustrated in Figure 3 .
First, the ratio of the nanowire diameter to the emission wavelength is optimized such that there is only one guided mode (i.e. the fundamental HE 11 mode) available along the nanowire axis into which the emission can couple. Furthermore, the diameter-to-wavelength ratio is chosen to maximize the funneling of emission into that mode by suppression of coupling to the continuum of radiation modes. Second, the HE 11 mode may travel toward the substrate (away from the light collection direction) but can be directed back by using a properly designed bottom mirror (e.g. a dielectric/metal mirror [113] ). This design also requires tuning the QD-to-mirror distance in order to obtain an antinode in the electric field at the QD, so that the reflection enhances maximally the emission into the HE 11 mode (i.e. enhances the Purcell factor of the mode). Third, if the nanowire tip is fabricated to have a conical taper toward the top, the HE 11 mode will be adiabatically expanded outside the nanowire. Then, the mode couples out into a low-numerical-aperture emission lobe. Therefore, the extraction efficiency becomes enhanced as a result of the minimized reflection of the HE 11 mode back to the nanowire. In addition, the lownumerical-aperture emission lobe from the tapered tip makes the collimation easier (compared to the case of a flat nanowire tip), facilitating photon collection with external optics of limited numerical aperture. To some extent, these features had already been discussed earlier, e.g. emission to guided modes in Ref. [32] , bottom mirror designs and performance in Ref. [114] , and the tapered tip in Ref. [115] .
High β-factor values above 0.9 are achievable with the nanowire nanoantenna design [33, 104] . The high β-factor values are additionally obtained over a relatively broad wavelength band (Δλ/λ = 0.26 [33, 116] ) compared to the narrow resonances in cavities [33] , which gives more tolerance to fabrication imperfections. Such a broadband response also facilitates an easier use of quasi-resonant excitation or resonant two-photon excitation and generation of entangled photon pairs with different wavelengths, both of which are more difficult to match with cavity modes. On the other hand, this broadband operation may also limit the ultimate trade-off between single-photon indistinguishability and efficiency (see the discussion in Ref. [76] ). If constructive interference is assumed for the field reflected by the bottom mirror at the emitter, and multiple reflections inside the nanoantenna are not taken into account (i.e. if we assume that the reflection of the HE 11 mode at the nanowire tip is negligible), the extraction efficiency for the nanowire antenna may be written as [33] (
where T(θ) is the tip transmission into an upward cone with angle θ and r b is the reflection coefficient for the guided mode at the bottom mirror. At the optimized condition of T(θ) ≈ 1 and |r b | ≈ 1, Eq. (5) further simplifies to η = 2β/(1 + β). Theoretically, the extraction efficiency could then go as high as around 95% [33] . This, however, does not take into account any loss mechanisms such as scattering due to sidewall roughness. A more detailed inspection of the nanowire nanoantenna design can be found in the review in Ref. [116] .
Single-photon source fabrication
Both top-down-fabricated and bottom-up-grown SPSs most often employ vapor-phase epitaxial crystal growth methods including metal-organic vapor phase epitaxy (MOVPE), molecular beam epitaxy (MBE), and chemical beam epitaxy (CBE). The main difference, however, is in how the device structures are obtained: in topdown fabrication, patterning and etching are used to selectively remove grown material, while in bottom-up nanowire fabrication, patterning can be used to achieve selective growth of material. Nanoscale patterning is typically achieved via electron beam lithography (see, e.g. Ref. [117] ) or nanoimprint lithography (see, e.g. Ref.
[118]), although optical lithography may certainly be used for patterning micrometer-scale pillars and aperture openings. Both top-down and bottom-up nanowire approaches have benefits and shortcomings, which are briefly discussed in the following.
Top-down-fabricated sources
Generally, the top-down fabrication approach for SPSs is based on epitaxial growth of materials combined with deposition of other materials (e.g. for a mask layer) and patterning via lithography and etching. With certain materials, such as GaAs, the epitaxial MBE thin-film growth has been optimized to such a high degree that it is possible to achieve monolayer precision in thickness with highquality interfaces [25] . This technique is therefore ideally suited for the fabrication of planar cavity structures with DBR stacks. On the other hand, with micropillars and photonic crystals, etching processes unavoidably lead to some sidewall surface roughness in the etched features, which can be problematic. For example, narrower micropillar structures start to suffer from increased losses due to the sidewall roughness [119] . Note that the effect of sidewall roughness is pronounced by cavities, within which the light typically circulates a large number of times before outcoupling, giving increased chance for a scattering event due to the sidewall roughness (at the cavity location). In contrast, in the nanowire nanoantenna SPS, the photon travels the nanowire only once, reducing the impact of sidewall roughness. The most often employed semiconductor QD fabrication method is the so-called Stranski-Krastanov selfassembled growth mode. In this growth mode, lattice mismatch between the growing layer and the substrate material leads to strain relaxation via random nucleation and growth of island-like formations after first forming a few planar monolayers (the so-called wetting layer) [120] . The grown QD islands can then be capped with epitaxial growth so that they become embedded. The emission energy of such a self-assembled QD island depends on the composition (with ternary or quaternary compounds), size, and strain. To complicate matters, the composition affects the strain via lattice mismatch, and the strain in turn affects the QD size. Furthermore, the emission energy depends on the surrounding host semiconductor material, which determines the strength of the charge carrier confinement in the QD.
An ensemble of self-assembled QDs in a single sample tends to exhibit a distribution of sizes (variation from island to island) with typical lateral extents around 10-70 nm and heights around 1-10 nm [35] . The density of the dots forming on the substrate can be controlled by varying the growth conditions [121] , which is useful, as a low density is required to find single isolated QDs for fabricating SPSs. The QD size distribution can be controlled to some extent as well [122, 123] . However, inter-mixing between the QD and capping materials can take place during the growth, which may further increase the variation in the optical properties of the QDs [25] . The most studied material systems for self-assembled QDs are InAs and InGaAs on GaAs substrates; with these materials it is possible to obtain emission in the spectral range starting from around 850 nm and including the telecom C-band (1530-1565 nm) [25, 124] .
The randomness in location and inhomogeneity in the QD ensemble is the biggest drawback of the self-assembly approach, as QDs well separated from other QDs need to be first located and characterized before further processing. Highly accurate positioning of the QD within either a micropillar or photonic crystal cavity is required to obtain good coupling to the cavity mode, and accurate QD positioning is also needed for emission-coupling to the guided mode in a photonic crystal waveguide [35, 125] . It is alternatively possible to, e.g. etch a large array of micropillars in a sample with self-assembled QDs and statistically obtain a few devices with adequate spatial and spectral matching [105] . This approach can be acceptable if only a single or a few operating devices are needed but is unsuitable for large-scale on-chip integration. One approach to locate a suitable QD and align the subsequent patterning is to fabricate markers on the substrate, measure the QD emission with confocal photoluminescence scanning microscopy (or some other technique with sufficient spatial resolution), record the location of QDs (location where the emission shows highest intensity) with respect to the markers, and align the patterning using the markers and known relative coordinates of the QDs. This approach was taken, e.g. in Ref. [125] , where sub-10-nm positioning accuracy was achieved. On the other hand, a more convenient in situ optical technique for combined spatially resolved QD emission measurement and far-field lithography was presented in Ref. [126] , where a good QD-to-micropillar axis alignment with accuracy of <50 nm could be achieved.
Even with sophisticated in situ characterization and lithography techniques, large-scale integration with self-assembled QDs cannot be judged feasible, as the layout can only be designed after locating suitable QDs and there would be a large number of extra QDs that need to be avoided or removed. Therefore, considerable research efforts have been directed to develop fabrication techniques that provide site-controlled QD growth [127] . Such site-controlled techniques include growth in etched holes [128, 129] , growth in etched holes combined with vertical stacking [130, 131] , preferential growth on oxide patterns realized by local oxidation nanolithography [132] , and directed self-assembled growth on nanotemplates [133] . Site-controlled high-symmetry QDs embedded in pyramid structures grown to etched tetrahedral recesses have even demonstrated entangled photon pair generation [134] . However, further development is still needed in order to obtain a high degree of control and sufficiently high QD quality with these techniques [25, 35, 36] .
One example of a state-of-the-art top-down-fabricated micropillar cavity SPS can be found in Ref. [47] . The fabrication process of this SPS can be roughly divided to the following steps: (i) high-quality MBE growth of a planar n-i-p doped diode structure with GaAs/Al 0.9 Ga 0.1 As DBR stacks and self-assembled InGaAs QDs in the intrinsic region; (ii) combined characterization and lithography technique for locating the QDs and patterning an etch mask; (iii) etching of the micropillar and connected mesa structures, and (iv) forming electric contacts to the substrate and the mesa structure for electrical field tuning (field across the micropillar diode with embedded QDs).
Bottom-up-grown nanowire sources
Bottom-up growth of semiconductor nanowires offers a way to fabricate high-aspect-ratio structures with smooth sidewall surfaces and both axial and radial heterostructures or doping profiles. Due to the nanowire geometry, stress resulting from lattice mismatch is more efficiently accommodated via strain relaxation in the radial direction without the formation of dislocations [135] [136] [137] . Therefore, heterostructures in nanowires can employ a wider variety of materials and compositions than in planar configurations where epitaxial thin-film growth requires lattice matching and the aforementioned Stranski-Krastanov QD growth requires suitable lattice mismatch.
There are two distinct growth modes by which nanowires can be realized: vapor-liquid-solid (VLS) and selective-area epitaxy (SAE). In general, III-V nanowires can grow either epitaxially or non-epitaxially and tend to prefer the [111] crystalline orientation [138] with polytypism in the crystal structure between the zincblende and wurtzite structures (unlike bulk III-V materials which tend to only exhibit the zincblende structure, except for the nitrides) [139] . Note that the difference in the two growth modes is mainly in the axial nanowire growth, whereas the radial vapor-solid growth is similar for both modes. Both growth modes allow forming heterostructure QDs.
The VLS nanowire growth, in short, is mediated by a metallic droplet that is assumed to be in liquid phase and collects the growth species (at least group III) introduced in vapor phase, leading to nucleation and solid crystal growth below the droplet. The growing nanowire then lifts up the droplet that sits at the tip of the nanowire. The VLS growth is schematically illustrated in Figure 4A . The metallic droplet material can either be one of the group III growth species (which is often called self-catalyzed or self-assisted growth) [140] or a foreign material, among which Au is the most common and well known [141] . Nanoscale patterning of openings in a mask layer for selfassisted growth, or Au disks for Au-assisted growth (with or without a mask), may be used to define the nanowire growth sites [30, 117, 142] .
The VLS growth mode was originally introduced by Wagner and Ellis [143] , who considered the growth of Si "whiskers" with the aid of Au droplets. Since then, more research was conducted on Si [144] , after which the focus shifted to mainly III-V materials such as GaAs, GaP, InP, InAs, and their ternaries [145] [146] [147] [148] . In the past couple of decades, considerable research effort has been made to understand the effect of various growth conditions and substrate preparations for VLS nanowire growth [149] [150] [151] [152] . It has become possible to obtain nanowires of high crystal quality [139] , to control the crystal phase [139, 153] , to switch between axial VLS growth and radial vapor-solid growth [154] , to dope the nanowires during growth [155] , and to obtain axial and radial heterostructures [28, 30, 110, 156] . Despite the significant progress that has been made, the detailed growth mechanism is still not fully understood and research in this area is going on [27, 151] .
SAE growth, on the other hand, is direct vapor-solid growth and is based on growth mask layers and differences in the nucleation and crystal growth on different crystal facets due to differences in surface energies [157] . Openings in the growth mask exposing the underlying substrate define the locations where nanowires start to grow, and for axial growth when the substrate surface is a {111} plane, the growth conditions are selected such that the {110} facets have significantly lower growth rate than the {111} facets. Then, {110} sidewall facets emerge and the growing crystal assumes a vertical nanowire shape with hexagonal cross-section. Ideally, the radial growth can be fully suppressed during axial growth, and the nanowire diameter is set by the size of the mask opening. The SAE growth is schematically illustrated in Figure 4B . Note that, unlike in the figure, the mask opening does not need to be a hexagon and the nanowire may grow laterally wider than the opening to assume the hexagonal shape (even in the case of negligible radial growth rate afterward).
Typical III-V materials for SAE nanowire growth include GaAs [157, 158] , InP [159] , InAs [160] , and some ternary compounds [158] . Since patterning is already a part of the process, regular arrays with a square or hexagonal lattice are typical. As with VLS growth, it is possible to obtain high crystal quality [159] , to control the crystal phase [161] , to switch between axial and radial growth [29] , to dope the nanowires during growth [29] , and to obtain axial and radial heterostructures [29, 162] . In principle, SAE growth is simpler than VLS growth, as only two phases, vapor and solid, are involved and no foreign material, such as Au, is present. Still, the growth dynamics are complicated by, e.g. dependence on size and spacing of the mask openings, on the evolving nanowire geometry during the growth, and on the relative supply of group III (or V) constituents in the growth of ternaries [163] [164] [165] . Consequently, understanding the subtleties and obtaining a high degree of control in nanowire SAE growth is a challenge. Conceptually, obtaining QDs in nanowires with either growth mode is simple: new materials are briefly introduced during the axial nanowire growth such that a section of the lower bandgap material will be inserted in the growing nanowire. Patterning of the metallic droplets in VLS or the mask openings in SAE defines the lateral position of the nanowire, diameter of the droplets or openings defines the QD diameter, and axial growth times define the QD vertical position and height. Therefore, patterning combined with bottom-up growth offers full control over the positioning and size of the QD. Radial growth may then be used to fully embed the QD inside the nanowire. Alternatively, it is possible to clad the nanowire with an atomic layer deposition (ALD) oxide shell in order to obtain a waveguide structure [166] . However, nanowire heterostructure growth is not trivial in practice. For example, obtaining abrupt interfaces in axial growth (especially with VLS) is difficult due to various memory effects leading to composition gradients [27, [167] [168] [169] . In Au-assisted VLS, the solubilities of group V species in the Au droplet are low compared to those of group III [148] . It is therefore generally easier to form axial QDs by switching of the group V material during the growth than by switching group III, which is however still possible [168] . Regardless, a rather impressive level of control in growing QDs in nanowires has been achieved. This control allows, e.g. fabricating pairs of QDs with small enough spacing such that the electronic states become coupled. This coupling was recently demonstrated in Ref. [170] , where a coupled QD pair in a nanowire emitted entangled photon triplets via a triexciton triple cascade.
Compared to top-down fabrication, there are some major advantages with the bottom-up nanowire growth for SPS fabrication: wide material compatibility, deterministic fabrication yielding a single QD per nanowire, and natural alignment of the QD to the nanowire waveguide axis. The most researched material system is InAsP QDs in InP nanowires, with which the emission can span the wavelength range starting from around 880 nm and including the telecom C-band [171, 172] (at cryogenic temperatures). For example, an SPS operating at the wavelength 1310 nm (in the telecom O-band) has been demonstrated with this material system [172] . Single-photon emission has also been demonstrated, e.g. around 725 or 765 nm with GaAs QDs in AlGaAs [173, 174] , 286 nm with GaN QDs embedded in AlGaN [31] , and 468 nm with InGaN QDs (or nanodisks) embedded in GaN [175] . Various III-nitride QDs should overall be able to cover emission from ultraviolet to telecom wavelengths [175] . Furthermore, it is also possible to grow nanowires with basically all these materials on top of Si [174, [176] [177] [178] , with the prospect of III-V SPS integration with Si photonics. Assuming symmetric radial shell growth, the axial QD becomes embedded exactly on the axis of the nanowire waveguide in one monolithic growth step, quite unlike in the previously discussed top-down fabrication with alignment procedures. Still, the nanowire SPSs may also need to be individually characterized, as the QD emission wavelength may vary from wire to wire due to growth variations.
On the other hand, there is no feasible way to grow nanowires with both axial QDs and DBR stack cavity structures for improved indistinguishability. These two features cannot be simultaneously achieved because thick nanowires are needed for efficient DBR stacks [114] , which is incompatible with axial QD growth. Furthermore, nanowire growth processes are in general not quite as well optimized as traditional planar growth (e.g. thin-film growth). In addition to the challenge of obtaining well-defined QDs with certain size and abrupt interfaces, avoiding imperfections in the growth of the nanowire itself, such as changes in crystal structure or orientation [149, 179, 180] , is also not trivial. Defects in crystal structure can create charge traps, affecting the local electrostatic environment of the QD and adversely affecting the single-photon emission properties [44] . In addition to states related to crystal structure defects, states related to the nanowire surface may also act as charge traps [181] . Therefore, surface passivation techniques (e.g. additional shell growth [182, 183] or ALD coating [184] ), which prevent the formation of surface states within the bandgap range, could also be employed. Regardless of the difficulties in growth optimization, high-quality nanowires with QDs have been demonstrated with various material systems and techniques [156, 162, 171, 185] .
One example of the state-of-the-art nanowire nanoantenna SPS fabrication can be found in Ref. [44] . The fabrication process can be roughly divided into the following steps: (i) deposition of SiO 2 growth mask layer on an InP substrate and patterning of openings filled with Au droplets (presumably by electron beam lithography, wet etching, Au evaporation, and lift-off as in Ref. [171] ); (ii) InP nanowire axial growth with the InAsP QD insertion, and (iii) mixed InP axial and radial growth to cap the nanowire to the correct diameter for waveguiding and to obtain a tapered tip for efficient light extraction. Fabrication of the bottom mirror was omitted in this case but could be achieved by peeling off the nanowires in a polydimethylsiloxane (PDMS) film and depositing the mirror on the bottom side [186] , or possibly by using an embedded Au mirror under the SiO 2 mask as proposed in Ref. [116] . It is of note that the fabrication process here is considerably simpler than that for the micropillar cavity discussed in Section 5.1. On the other hand, this nanowire design does not include the possibility for emission tuning with an electric field.
It can further be noted here that, due to the high spatial symmetry, group III-V QDs in the [111] nanowire growth direction should exhibit vanishing FSS [65] and, therefore, also perform well as sources of entangled photon pairs via the biexciton-exciton radiative cascade. However, a nonvanishing FSS has actually been seen in experiments [187] , which was attributed to compositional inhomogeneity in the ternary InAsP QD. Regardless, entangled photon pair emission has been demonstrated from InAsP QDs in bottom-up-grown InP nanowires in several papers [187] [188] [189] . The nanoantenna design is highly suitable for entangled photon pair sources as well, because of the relatively broadband effect of emission funneling into the guided mode [188] .
State of the art
Nanowire SPSs following the nanoantenna design were experimentally demonstrated in 2010, first with top-down fabrication methods [113] and later with bottom-up growth [173] , after which the approach has become quite ubiquitous for experimental bottom-up nanowire sources (see, e.g. Refs [44, 154, 171, 172, 186, 190, 191] ). Experimental state-of-the-art results are discussed in the following, and Table 1 provides an overview of the obtained performance values. State-of-the-art results with top-down QD SPSs are also given for comparison. Brightness values are not included here because of the lack of comparable measurement conditions.
Single-photon purity
The highest reported single-photon purities in nanowire SPSs are getting close to the ideal g (2) (0) = 0 value. For example, in Refs [171] and [44] , optimized InP nanowire growth process resulted in strongly reduced stacking fault density (i.e. reduced charge trap density) in the vicinity of the InAsP QD. The reduced defect density resulted in reduced background emission and reduced spectral diffusion, providing improved single-photon purity of g (2) (0) < 0.01 and narrower emission linewidth. In Ref. [171] , some of the nonzero g (2) (0) was attributed to emission from other nanowires (spatial separation not large enough), while in Ref. [44] the re-excitation probability due to nonresonant excitation was considered to be the main limiting factor.
With top-down-fabricated designs, the best reported purities are even closer to the ideal case [47, 52, 92] . To the best of our knowledge, the highest ever single-photon purity was reported in Ref. [52] , where raw (uncorrected) g (2) (0) = 0.000075(16) was obtained. The high purity was achieved with Al-droplet-etched GaAs QDs in a planar cavity structure by using resonant two-photon excitation of the biexciton state. The resonant two-photon excitation strongly suppresses QD re-excitation by a single pulse, and this was considered as the main factor in reaching the high purity. Additionally, measuring such a low uncorrected g (2) (0) value required (i) the use of superconducting single-photon detectors with extremely low dark count rate and (ii) suppression of scattered excitation laser light by both notch filters and filtering by polarization direction. Note that all the high purity results mentioned here were obtained while using resonant excitation schemes, unlike in the nanowire examples.
Indistinguishability
High indistinguishability has been reported for bottomup-grown sources employing InP nanowires with InAsP QDs [44, 193] . In Ref. [193] , two-photon interference visibility of 0.787 was obtained with nonresonant excitation at 300 mK. Furthermore, in Ref. [44] , excitation above the InP bandgap with high intensity was employed to fill the charge traps, leading to smaller fluctuation in the electrostatic environment of the QD and thus improving temporal coherence of the emission. This allowed the simultaneous demonstration of operation at the highest brightness and two-photon interference visibility of 0.83, although at 300 mK temperature and under temporal postselection (i.e. reduced time window). Interestingly, obtaining enhanced coherence at high pump laser intensity is opposite to the normally observed power broadening (e.g. in Refs [84, 194] ). It was further proposed that the interference visibility could still be improved by using resonant excitation together with a separate laser or some other means for the charge-trap filling.
On the other hand, self-assembled QDs embedded in planar [58, 195, 196] or micropillar [47, 92, 102, 197] cavities have shown superior indistinguishability in excess of 0.9 and up to 0.9956 [47] . In addition to the effect of the cavity, indistinguishability was enhanced by resonant excitation schemes, namely resonant s-shell excitation [47, 58, 92, 102, 197] , two-photon resonant excitation [195] , and resonant excitation using adiabatic rapid passage with frequency-chirped pulses [196] . Moreover, micropillar cavity sources have demonstrated high indistinguishability over longer time scales [197, 198] . In Ref. [197] , the indistinguishability remained above 0.88 for 39 consecutively emitted photons in 463 ns under resonant excitation and up to 0.7 for 33 consecutively emitted photons in 400 ns under nonresonant excitation. In Ref. [198] , indistinguishability of 0.959(2) was obtained under resonant excitation with pulse separation of 13 ns, and it only decreased to 0.921(5) when increasing the pulse separation to 14.7 μs.
Efficiency
With the nanowire nanoantenna design, simultaneous optimization of all the factors at play in Eq. (5) is needed in order to achieve high extraction efficiency, which is not trivial in practice. Consequently, extraction efficiencies have not, to the best of our knowledge, reached the theoretical >90% values. For example, extraction efficiency of 42% was reported in Ref. [186] , where the main limiting factor was considered to be the poor modal reflectivity of the bottom metallic mirror (around 30%). However, a top-down-fabricated nanowire nanoantenna reported in Ref. [113] reached 72% extraction efficiency. In this case, the bottom mirror contained a thin dielectric between the metal and the nanowire, which theoretically should yield modal reflectivity above 91%, while the main limiting factor was considered to be nonoptimal tapering in the tip. In Ref. [44] , a bottom-up-grown nanowire nanoantenna with a fine taper toward the tip (tapering angle approximately 1°) yielded an overall efficiency of 43% without a bottom mirror. On the other hand, it has been successfully demonstrated that the nanoantenna design can be used to obtain Gaussian far-field emission pattern and high coupling efficiency to an optical fiber (i.e. after photon extraction from the nanowire), as reported in Ref. [190] , where coupling efficiency of 93% was obtained.
The highest reported extraction efficiencies of topdown-fabricated SPSs are comparable to or even higher than those achieved so far with the nanoantenna. For example, with micropillar cavity designs, extraction efficiency of 65% was reported in Ref. [47] , while in Ref. [102] a high overall efficiency of 74% together with 88% interference visibility was obtained. The simultaneous high efficiency and interference visibility were achieved via accurate alignment between the QD and micropillar and resonant excitation. Furthermore, adding stronger optical confinement for micropillars in the radial direction (e.g. by radial DBR stacks) has been considered to further suppress emission leaking to transverse radiation and thus increase the β-factor and extraction efficiency closer to 100% [199] . Coupling to optical fibers with high efficiency is also feasible. In Ref. [99] , a photonic crystal waveguide design with a tapered outcoupler was used to achieve chip-to-fiber coupling efficiency exceeding 80%, while inverse conically tapered structures, the socalled photonic trumpets, were presented in Ref. [100] as another nanoantenna design (so far only realized by top-down fabrication) capable of Gaussian far-field emission. A proof-of-principle demonstration of a monolithic optical-fiber-coupled SPS has also been made, where such a photonic trumpet was detached from the substrate and directly connected to the core of a fiber pigtail (the demonstrated efficiency at the output of the fiber pigtail was 5.8%) [200] .
Room-temperature operation
So far, all of the discussed bottom-up nanowire SPSs have operated at cryogenic temperatures. However, efforts have been made to fabricate sources that would operate at room temperature. For this purpose, widebandgap materials have been employed, as these have sufficient band offsets and quantum confinement for excitons in the QD even at noncryogenic temperatures [31] . Some early demonstrations used II-VI materials such as CdSe QDs in ZnSe [71, 201] , after which IIInitride materials have received more attention [31, 177, 202, 203] . However, the nanowire nanoantenna scheme has not been employed here, although axial QDs were used in Refs [202] and [177] .
InGaN QDs were used in both Refs [202] and [177] . In Ref. (2) (0) = 0.25 at an estimated device temperature of 25 K. The GaN nanowires were doped to obtain a p-n diode, and single nanowires were detached from the growth substrate and transferred to an oxidecoated silicon wafer. The laterally lying nanowires were then electrically contacted for electrical pumping of single-photon emission.
In Ref. [31] , GaN QDs inside GaN/AlGaN coreshell nanowires exhibited almost temperature-insensitive, optically pumped single-photon emission with g (2) (0) ≈ 0.13 up to 300 K. The nonzero g (2) (0) was mainly attributed to re-excitation of the QD within a single cycle because of the use of nonresonant excitation. The nanowires were fabricated on sapphire/AlN substrates via SAE in a MOVPE reactor such that the growth started with GaN core growth, followed by Al 0.8 Ga 0.2 N shell growth, then a short GaN growth to form the QD and, finally, capping with Al x Ga 1−x N. The resulting structure then had the QD near the tip of the nanowire. The small size of the QD (height around 1 nm and width around 10 nm) also increased carrier confinement and exciton binding energy, and reduced the radiative lifetime. It was later demonstrated with similar nanowires that SPS operation was also possible at an elevated temperature of 350 K [192] and that the single-photon emission could be completely linearly polarized to within the experimental error [203] . Furthermore, it was noted that operation possibly up to gigahertz frequencies (due to the relatively short radiative lifetime), linear polarization, and high-temperature operation could make this system appealing for quantum information processing and quantum key distribution applications [31, 192, 203] .
III-nitride materials have also been used in top-down SPSs. For example, in Ref. [72] an electrically pumped SPS diode structure was fabricated with an embedded self-assembled In 0.4 Ga 0.6 N QD and exhibited emission in the red/visible wavelength range (around 630 nm) up to room temperature with g (2) (0) ≈ 0.29 (after corrections). The low single-photon purity was mainly attributed to spectral contamination from other states due to thermal broadening. On the other hand, even at 15 K, only g (2) (0) ≈ 0.11 was achieved. Moreover, the overall source efficiency was estimated to be only around 2%. Significantly improved single-photon purity (raw g (2) (0) = 0.085) was recently obtained in Ref. [43] with interface fluctuation GaN QDs emitting at around 339 nm wavelength, but room-temperature operation was not yet demonstrated and no photonic structures were fabricated to improve emission and extraction efficiency. Some cavity structures have also been realized with III-nitride material systems. For example, in Ref. [204] InGaN QDs were grown via modified droplet epitaxy in MOVPE on an AlN/GaN DBR stack and capped with a SiO x /SiN x DBR stack to form a planar microcavity. However, single-photon emission was obtained around 433 nm with only g (2) (0) ≈ 0.23 at 4.2 K.
Current challenges and outlook
It is apparent from the state-of-the-art comparison that bottom-up nanowire sources tend to be outmatched, performance wise, by the other QD-based designs. Especially, micropillar cavity sources have exhibited simultaneously high purities and indistinguishabilities with moderately high extraction efficiencies [47, 92, 102] . Furthermore, a top-down-fabricated cavity-based source with electrical operation and 1550 nm telecom emission has been demonstrated [205] . Other designs with electric contacts allow for tuning of the emission by an applied electric field [47, 91, 206] , even combined with integrated lasers for on-chip excitation [207] . However, the bottom-up nanowire sources offer, in principle, more straightforward, deterministic fabrication and more freedom with the material choices and compositions. It could be argued that, taking these fabrication benefits into account, bottom-up nanowire SPSs are already a superior option for applications that require just efficient and pure single-photon generation regardless of indistinguishability.
Since the designs employing planar growth and topdown fabrication currently tend to have the edge in demonstrating both individually and simultaneously high values of purity and indistinguishability, one of the challenges for bottom-up nanowire sources is to improve their performance in order to provide a truly viable alternative. First, the fabrication and growth processes should be developed to simultaneously obtain optimized bottom mirrors and nanowires of high structural quality with optimized tapered tips in order to realize the theoretical extraction efficiencies exceeding 90%. Second, higher indistinguishability is needed. Unfortunately, in the presented nanoantenna scheme, it is not possible to obtain cavity structures with DBRs like in planar or top-down-etched micropillar designs. This is because the nanowire core diameter needs to be initially small to define the QD, and DBR stacks only in such a small diameter nanowire core are insufficient [114] (and forming a DBR stack in the axial direction during the radial growth is not feasible). Nanowire SPSs might still benefit from techniques already adopted elsewhere to improve performance. Especially, employing resonant s-shell excitation or the resonant two-photon excitation technique could considerably improve the purity and indistinguishability as seen in top-down fabricated SPSs. Some other techniques to investigate might include temporal filtering with amplitude modulation [94] and resonant excitation using adiabatic rapid passage with frequencychirped pulses [196] . Additionally, QD emitter coupling to mechanical modes of the nanowire SPS structure might be worth investigating. Furthermore, the single nanowire nanoantenna design is not the only option. For example, in Ref. [208] , a design with an annular-grating-patterned hyperbolic metamaterial in conjunction with nanowire QDs was proposed to provide both spontaneous emission enhancement and directional light output.
Another important area for improvement is the available emission wavelength range and tuning. For example, single-photon emission at the telecom 1550 nm wavelength using the InAsP material system is still challenging with bottom-up nanowires [172] , whereas with top-downfabricated SPSs emission at this wavelength was first demonstrated in 2005 [212] . The earlier demonstration with top-down-fabricated SPSs is largely due to the fact that planar growth and self-assembled Stranski-Krastanov QD growth processes are older and more well developed than nanowire QD growth. However, since the nanowire geometry allows much less stringent requirements for lattice matching, nanowire growth will have the edge in this regard if the growth processes can be optimized to a sufficiently high degree.
Perhaps a more important development direction then is to employ techniques for emission wavelength tuning, as it is still difficult to obtain several nanowires with QDs on the same chip with small enough inhomogeneous spectral broadening for applications requiring SPSs with certain wavelengths. QD emission tuning has been demonstrated in top-down designs with electric fields [47] and strain [213, 214] . Strain-tuning has been demonstrated with bottom-up nanowire SPSs as well [193] . Additionally, emission wavelength tuning with an external magnetic field [174] or by laser-induced material intermixing [215] has recently been reported for nanowire QDs. Although nanowire QD emission wavelength tuning with electric fields has been reported [216, 217] , to the best of our knowledge, this has not been employed in nanowire SPSs.
Achieving electrical excitation with bottom-up nanowire nanoantenna SPSs also still remains a challenge. Since some of the potential applications would prefer electrical operation, this is an important problem to solve. Some designs for electrical operation have been proposed. For example, in Ref. [209] , it was proposed that indium tin oxide (ITO) could be used as a transparent top contact, while ITO and gold could be used as both the bottom mirror and contact. A schematic illustration of this design is shown in Figure 5A . However, it is not trivial to combine an axial p-n or p-i-n junction with an embedded QD and the shell growth required for the proper diameter and the tapered tip.
Lastly, the integration of nanowire sources with other components is not straightforward. Since one of the most tangible benefits of the nanowire approach is the deterministic positioning of the QD, it would seem well suited for pursuing the realization of applications that require large-scale integration, such as integrated optical quantum information processing. Unfortunately, the vertical geometry of the nanowires, while naturally suited for vertical emission, is not a good match to the mostly planar components developed for integrated photonics.
One solution to this issue was proposed and demonstrated in Ref. [210] , where nanowire nanoantenna sources were first fabricated on a separate substrate and then individually characterized, selected, and transferred to the device substrate with nanomanipulators. The nanowires could be laid on the substrate with defined locations and orientations, and the waveguides and other components could then be fabricated on top of the nanowires. The result of this scheme is illustrated in Figure 5B . While it was reported that the scheme worked well, one could argue that it is not very suitable for true large-scale integration as the pick-and-place step with nanomanipulators is a delicate and slow serial process. A similar scheme was very recently reported [218] , where the nanowire nanoantenna SPS was placed on top of a SiN waveguide such that on-chip optical pumping could couple from the waveguide to the nanowire and the SPS emission could couple from the nanowire to the waveguide. On the other hand, it would be possible to use nanowire sources in their natural vertical geometry if their emission could couple to a planar waveguide below or above the nanowires. There also exists a fabrication method for 3D waveguides in glass with femtosecond laser direct-writing [219] , which could possibly be compatible with vertical nanowire sources. Furthermore, it is also possible to realize photonic crystal waveguides with nanowires [211] , in which case both the waveguides and sources would be realized with nanowires. The nanowire photonic crystal waveguide and light confinement considered in Ref. [211] are illustrated in Figure 5C . Indeed, exploring novel schemes for integrating nanowires in their vertical geometry with other components, planar or otherwise, offers one interesting avenue for future research.
Conclusions
Bottom-up-grown nanowire SPSs benefit from deterministic positioning of both the embedded QD and the devices with respect to each other and have mostly followed the nanoantenna design, achieving rather impressive performance. Although it has not yet been experimentally demonstrated, the nanowire nanoantenna should be able to achieve extraction efficiency above 90%. It is also well suited for coupling the emission into an optical fiber because of the engineered Gaussian far-field emission pattern. Near-unity single-photon purity has been achieved, as well as relatively high indistinguishability and brightness. Furthermore, room-temperature operation has been achieved with III-nitride QDs.
However, despite this promising progress, presently the bottom-up-grown nanowire SPS approach has not demonstrated a clear advantage over top-down fabrication approaches. First, higher performance has been obtained with top-down designs, especially with regard to indistinguishability. Second, nanowires naturally assume a vertical shape and vertical emission direction, while most of the components designed for integrated photonics are planar. Third, a single bottom-up-grown nanowire nanoantenna cannot presently incorporate a photonic cavity that arguably offers better ultimate indistinguishability-efficiency trade-off than a waveguide. However, the deterministic positioning is, at least currently, much more feasible in nanowires, and the nanowire growth process supports a wider variety of materials and compositions. It seems possible that both the bottom-up nanowire growth and topdown fabrication could be used in the future, with each approach being better suited for some specific applications.
Further research on nanowire-based SPSs is thus merited. In addition to improving the performance, tuning the emission wavelength with various strategies (e.g. strain and electric field) could be investigated further. For on-chip integrated applications, electrical excitation or on-chip optical excitation would be desirable, of which the former has not yet been achieved with the nanowire nanoantenna structure. Truly scalable fabrication process for integrated designs is also an important open issue that has not been tackled with top-down approaches either.
